Intermittent bursts of electrical activity are a ubiquitous signature of very early brain activity. Previous studies have largely focused on assessing the amplitudes of these transient cortical bursts or the intervals between them. Recent advances in basic neuroscience have identified the presence of scale-free 'avalanche' processes in bursting patterns of cortical activity in other clinical contexts. Here, we hypothesize that cortical bursts in human preterm infants also exhibit scale-free properties, providing new insights into the nature, temporal evolution, and prognostic value of spontaneous brain activity in the days immediately following preterm birth. We examined electroencephalographic recordings from 43 extremely preterm infants (gestational age 22-28 weeks) and demonstrated that their cortical bursts exhibit scale-free properties as early as 12 h after birth. The scaling relationships of cortical bursts correlate significantly with later mental development-particularly within the first 12 h of life. These findings show that early preterm brain activity is characterized by scale-free dynamics which carry developmental significance, hence offering novel means for rapid and early clinical prediction of neurodevelopmental outcomes.
Introduction
Early brain development depends upon spontaneously occurring, intermittent electrical activity (Blankenship and Feller, 2009; Kilb et al., 2011; Colonnese and Khazipov, 2012 ) that supports neuronal survival and sustains primary growth of brain networks. This electrical activity is highly sensitive to various endogenous and exogenous disturbances, creating clinical challenges in the acute care of preterm infants. Despite advances in neonatal intensive care units (NICU), early preterm birth is still associated with a high risk of adverse neurodevelopment (Van Baar et al., 2005; Aarnoudse-Moens et al., 2009; Back and Miller, 2014) . A major endeavour in neonatal care is to complement cardiorespiratory support with intensive brain monitoring, a rapidly emerging clinical benchmark. The goal of continuous preterm brain monitoring is to identify early markers of cortical disturbance which could then guide appropriate clinical interventions.
Current approaches to brain monitoring of extremely preterm infants primarily involve visual bed-side assessment of an EEG derived index called amplitude integrated EEG (aEEG) , and the use of continuously monitored limitedchannel EEG (Olischar et al., 2004; Hellströ m-Westas and Rosén, 2005; Wikströ m et al., 2012) . During this period of maturation, brain activity is predominantly 'discontinuous', whereby irregular, high amplitude electrical bursts interrupt low-voltage periods. These bursting periods are a signature of cortical activity patterns in extremely preterm infants and are commonly referred to as spontaneous activity transients, or bursts (Vanhatalo and Kaila, 2006; André et al., 2010) . Discontinuous periods of activity vary in their temporal evolution and spatial synchronicity across the cortex and are typically observed in preterm ages of 24-30 weeks.
The analysis of continuous EEG recordings in extremely preterm infants is challenging due to data interruptions and artefacts from NICU environments (Schumacher et al., 2011; Wikströ m et al., 2012) . The presence of amplifier noise in the NICU is a common issue that arises as a 'continuous non-repetitive artefact' (Walls-Esquivel et al., 2007) during EEG recordings. Existing amplifiers are not immune to mains interference (50 Hz) or higher frequency harmonics (100 Hz, 200 Hz), particularly in a NICU environment where numerous medical devices are routinely used (e.g. incubators, electric syringes, catheters). Consequently, the dominant approach for aEEG/EEG assessment remains qualitative, subjective appraisal which is vulnerable to confounders arising from technical artefacts and interrater variability. Background activity from aEEG/EEG in the first 72 h has predictive value but requires expert selection of epochs to distinguish artefacts from abnormal cortical activity (Wikströ m et al., 2012) . Quantitative analyses of cortical bursting (Palmu et al., 2010; Stevenson et al., 2014) in preterm EEG carry potential for objective, real-time prognostication (Wikströ m et al., 2012; Benders et al., 2014) . Robust characterization and outcome prediction based on the properties of these bursting patterns has proven difficult due to a number of factors, namely the acute presentation in the first few days of life (Smith et al., 2011) , the relative shortness of uninterrupted, artefact-free EEG (Olischar et al., 2004) , the role of brain activity cycling (Kidokoro et al., 2010; Palmu et al., 2013) and, crucially, the lack of an analytic framework that speaks to the nature of the burst dynamics. Hence, there is an unmet challenge to derive cortical activity signatures of early brain function that are robust, objective, and based on firm statistical evidence.
We recently characterized the statistical properties of burst suppression arising in full term neonates following hypoxia at birth (Iyer et al., 2014; Roberts et al., 2014a) . In particular we found that the bursts of electrical activity in hypoxic-ischaemic encephalopathy exhibit scale-free behaviour, which arises in systems whose dynamics have no dominant characteristic spatial or temporal scale (Sethna et al., 2001) . In a complex network such as the cortex, scale-free systems arise from mechanisms that generate a dynamic balance between excitation and inhibition (Miller et al., 2009; He et al., 2010; Roberts et al., 2014b) . Scale-free activity has been observed in a myriad of in vivo and in vitro neurophysiological recordings, in a variety of species (Friedman et al., 2012; Plenz and Niebur, 2014) and in biophysical models of cortex (Rubinov et al., 2011) . Recent experimental studies have also reported scalefree dynamics in early developing networks (Gireesh and Plenz, 2008; Pu et al., 2013) , while power law frequency scaling was recently observed in spontaneous newborn cortical activity (Fransson et al., 2013) . Quantifying scale-free behaviour hence offers significant new insights into complex brain activity within cortical networks (Stam and de Bruin, 2004; Eguiluz et al., 2005; Shriki et al., 2013) of which the neonate cortex is an exemplar.
Our recent observation that scale-free burst statistics in infants with hypoxic-ischaemic encephalopathy predict clinical outcome (Iyer et al., 2014) motivates the application of this 'dynamic assay' to study the discontinuous bursts of EEG in early preterm neonates. Specifically, we hypothesize that the preterm brain is also governed by scale-free processes that can be measured using robust statistical metrics. Further, we hypothesize that such properties in early brain activity reflect likely outcome and provide insight into underlying brain development processes. We thus test the value of characterizing scale-free behaviour in preterm infants across gestational ages in predicting long-term outcome, highlighting critical periods immediately after birth.
Materials and methods

Data collection
We analysed EEG recordings of 43 preterm neonates (gestational age 22-28 weeks) that were monitored in the NICU at Lund University Hospital, Sweden. Other details of this cohort have been previously published (Wikströ m et al., 2012; Stevenson et al., 2014) . Infants were included in the study after informed parental consent. The study was approved by the Regional Ethics Committee at Lund University. The demographics of the cohort and basic details of the data are summarized in Table 1 .
The EEG was acquired from surface EEG electrodes at a sampling rate of 256 Hz using a NicOne amplifier (Cardinal Healthcare). These data were acquired from the parietal (P3, P4) channels in all infants, and additionally from the frontal (F3, F4) in half of the infants. However, we focused only on the biparietal P3-P4 derivation and selected relatively artefactfree EEG epochs (average epoch duration of 115 min, range 70-120 min) at four post-natal ages: 12, 24, 48 and 72 h. These relatively artefact-free epochs were selected via visual inspection on the basis of two criteria: (i) the presence of an uninterrupted recording of data; and (ii) the absence of excessive (high amplitude) or prolonged (tens of seconds) artefacts during NICU monitoring. No artefact correction was performed on these data. Each recording was exported to MATLAB (Mathworks), bandpass filtered (0.2-20 Hz) and further analysed with custom software.
All infants underwent standardized neurodevelopmental testing at 2 years corrected age with the Bayley scales of infant development, version II (BSID-II). The BSID-II provides developmental scores for cognition (Mental Developmental Index, MDI) and motor skills (Psychomotor Developmental Index, PDI). In addition, two dichotomous outcome groupings were used, D1: a composite outcome classification (good versus poor) was created from observing one or more of the adverse outcomes (MDI 5 70, PDI 5 70, cerebral palsy, blindness, deafness, or death); and D2: infants considered optimal versus suboptimal based on a cut-off MDI score of 85. This cut-off score is À1 standard deviation from a mean MDI of 100.
Extracting features of cortical bursts in preterm infants
Bursts were extracted from all available recordings and their statistical properties were characterized using the pipeline shown in Fig. 1 . To understand the mechanisms of cortical burst generation, we used methods originally developed to examine burst shapes in physical systems (Spasojević et al., 1996; Sethna et al., 2001; Baldassarri et al., 2003; Colaiori et al., 2004) , which have been recently adapted for newborn neurophysiological data (Roberts et al., 2014a) . Specifically, these methods first characterize the distribution of burst sizes across a wide spectrum of possible scales by deriving the cumulative distribution function of burst areas. To formally test the validity of scale-free behaviour in our data, we examined the empirical shapes of burst area cumulative distribution functions against four theoretical distributions: power law (Pareto), power law with exponential cut-off, log-normal, and exponential (Clauset et al., 2009) . We assessed the candidate fits for the data using log model evidence and Bayesian Model Selection (Stephan et al., 2009) . Two aspects of burst morphology are then quantified: first, the distribution of burst durations and burst areas are quantified across a wide spectrum of scales, providing insights into their putative scaling properties. To study scaling relationships present between burst durations and burst areas, we also estimate their linear regression in log-log coordinates, yielding a regression slope (S). Second, the average shape of bursts at different timescales are estimated, which speaks to their underlying dynamical mechanisms (Papanikolaou et al., 2011; Roberts et al., 2014a) . Average burst shapes are quantified by the change in symmetry (AE) and sharpness (K) across burst durations from 200 ms up to 6 s in length. Further methodological details are provided in the Supplementary material.
These features of burst duration, area, and shape permit rapid, automated analyses of burst statistics from EEG epochs acquired at each post-natal age across gestational ages, which we then correlate against clinical outcome indices. Statistical comparisons were conducted via general linear model fitting (GLM) and one-way ANOVA. Normality of the residuals in the GLM was verified by the Lilliefors Test for all reported results. Comparisons with outcome D1 did not all satisfy normality assumptions of the ANOVA; for D1 we used the non-parametric Kruskal-Wallis ANOVA. The GLM yields coefficients of determination (R 2 ) of burst statistics against continuous variables (i.e. gestational age in days; MDI and PDI scores between 50-120), and dichotomous outcome variables (0 = good outcome, 1 = poor outcome).
Results
Scale-free bursts hours after preterm birth
Visual inspection of bursts occurring in the raw EEG of these extremely preterm infants characteristically showed discontinuous, bursting EEG activity at 12 and 72 h after birth ( Fig. 2A and B) . We first studied burst scaling as captured in the cumulative distributions of burst areas (Fig. 2C ), and the relationship between burst area and burst duration (Fig. 2D ). Burst areas and burst durations clearly revealed scale-free relationships present across nearly three orders of magnitude. At 12 h, the cumulative distribution function (Fig. 2C) is closely described by an exponentially truncated power law, while the corresponding scaling relationship of burst areas with durations ( Fig. 2D ) exhibited a linear regime in double-logarithmic coordinates.
To formally test the validity of scale-free behaviour in our data, we examined the empirical shapes of burst area cumulative distribution functions against four theoretical distributions: power law (Pareto), power law with exponential cut-off, log-normal, and exponential (see 'Materials and methods' section and Supplementary material). This test indicates that the exponentially truncated power law is clearly the best description of the scaling process present in our data (Fig. 2E ). We also examined the average burst shape at sequential timescales ( In summary, these analyses assert the presence of power law scaling in the bursting cortical activity of the preterm as soon as 12 h after birth. We previously observed that the slope of the power law exponent-the most straightforward measure of scale-free activity (Iyer et al., 2014; Roberts et al., 2014a )-pre-empted later clinical outcome in full-term neonates with hypoxic-ischaemic encephalopathy. However, there were no such predictive associations in the present preterm EEG data. We thus focus on average burst shapes, which quantify a subtle departure from scalefree dynamics that is not apparent in scale-free distributions (Papanikolaou et al., 2011) . While the bursts converge toward simple shapes, there is a systematic change in burst symmetry and sharpness as a function of time scale ( Fig. 2G-H ). Theoretical considerations suggest that these features of burst shapes reflect the viability of underlying metabolic resources, a crucial factor in some very preterm infants (Roberts et al., 2014b) . For the subsequent analyses, we focus on average burst shape, extracting two burst metrics: (i) change in symmetry (AE) of bursts across timescales; and (ii) corresponding change in sharpness (K) of bursts across timescales. We also examine the slope (S) of the linear relationship between burst areas and burst durations in log-log coordinates. These metrics together capture the heterogeneity of bursts, their shape, size, and overall temporal evolution over the first few days of preterm infant life.
Relationship of burst features to gestational age
We first studied how the three markers of early cortical activity (scaling slope S; burst symmetry AE; burst sharpness K) varied across gestational ages in all extremely preterm infants. At 12 h, S values significantly co-varied with gestational age (R 2 = 0.22, P 5 0.02, Fig. 3A) , with lower slopes occurring in the most preterm infants (22-24 weeks) and higher slopes in babies of a higher gestational age (25-28 weeks). Values of S did not co-vary with gestational age at 24, 48 and 72 h after birth. Mean sharpness (K) for bursts (42 s duration) also significantly correlated with gestational age at 12 h (R 2 = 0.29, P = 0.0071, Fig. 3B ), but there was no correlation at 24, 48 and 72 h. Mean symmetry (AE) for bursts (42 s duration) did not correlate with gestational age at any post-natal epoch period between 12 to 72 h. The burst metrics S and K were also inversely correlated at 12 h such that lower S generally corresponded with higher K (R 2 = 0.50, P 5 0.00011, Fig. 3C ). This relationship was present at each post-natal period (24 h R 2 = 0.34, P 5 0.00030; 48 h R 2 = 0.18, P 5 0.0070; 72 h R 2 = 0.32, P 5 0.0031). At a post-natal age of 12 h, average burst shapes showed a specific dependence on burst duration in the most immature infants (gestational age 22-24 weeks, Fig. 3D ) which was not present at later gestational age (25-28 weeks, Fig.  3E ). In particular, the burst sharpness (K) at longer durations (41s duration) differs between these gestational ages. Further we find that K at mid-ranged burst durations significantly correlates with gestational age (Fig. 3F) , specifically durations from 1-2 s (P 5 0.017), 2-2.75 s (P 5 0.0015) and 2.75-3.5 s (P 5 0.049). Bursts shorter than 1 s and longer than 3.5 s do not show any significant dependence on gestational age. The measured features of bursts were hence specifically related to gestational age of the baby. In the early post-natal hours, these novel burst shape measures also significantly covaried with the traditional measure of scale-free activity, namely the power law exponent. In particular, the power law exponent co-varies with burst slope S and asymmetry AE at both 12 h (R 2 = 0.28, P = 0.0077 and R 2 = 0.21, P = 0.026, respectively) and 24 h (R 2 = 0.5, P 5 0.001 and R 2 = 0.16, P = 0.016, respectively). The power law exponent co-varies with burst sharpness K only at 24 h (R 2 = 0.27, P 5 0.0012). There are no significant correlations at later post-natal hours.
Burst metrics predictive of long-term outcome
We next regressed these burst metrics against neurodevelopmental outcomes. In the human infant this can be assessed by examining their correlation with long-term neurodevelopmental outcomes. Thus we examined the potential for S, K and AE to predict three later outcomes at the age of 2 years: (i) the MDI; (ii) the PDI; and (iii) composite outcome measures.
These analyses are presented in Table 2 . Of note, slope (S) values were predictive of MDI (R 2 = 0.24, P 5 0.035) as soon as 12 h after birth, and was also predictive of D1 (Chi-square statistic: 2 = 4.21, P 5 0.040) at 72 h. Mean sharpness (K) values for bursts (42 s duration) at 12 h were predictive of D1 ( 2 = 6.62, P 5 0.01). At 72 h, K (bursts with 42 s duration) was predictive of MDI (R 2 = 0.18, P 5 0.041) and PDI (R 2 = 0.25, P 5 0.014). In contrast, mean symmetry (AE) of bursts (42 s duration) was only predictive at 72 h of MDI (R 2 = 0.28, P 5 0.010) and PDI (R 2 = 0.19, P 5 0.039). Importantly, we find that both S and gestational age are correlated with MDI (Table 2 ). Further our burst metrics S and K are also correlated with gestational age (Fig. 3) .
In addition, we identified a weaker correlation of K with MDI at 12 h (Table 2 ). This raises the possibility that the correlations of S and K with MDI arise only through the co-linearity of both variables with gestational age. Hence, we wanted to see whether our burst measures have independent predictive value over gestational age, which is already known in each given baby. This was done by assessing how gestational age affects the outcome prediction from burst measures. We used statistical moderation (Baron and Kenny, 1986) , to study via GLMs whether gestational age (GA) strengthens the causal relationship between burst variables S and K to MDI:
Thus, for GLM (1) (with regression coefficients b n ): b 1 (2514) and b 2 (6.7) quantify the contributions of S and gestational age, respectively, and b 3 (À 13.33) quantifies the interaction between both S and gestational age, where " 1 (9.86) is the error term in the fit. This GLM (1) is highly significant in the case of S predicting MDI at 12 h after birth [overall GLM (1): R 02 = 0.75, P 0 = 8.03 Â 10
]. In addition, the value of b 3 is significant thus satisfying the condition for a moderating relationship (P 5 7.32 Â 10 À 4 ). Similarly, for GLM (2), b 11 ( À1133.2) and b 12 (5.99) quantify the contributions of K and gestational age, respectively, and b 13 (5.94) is highly significant (P 5 0.02): thus K is also highly predictive of MDI [overall GLM (2): R 02 = 0.69, P 0 = 4.26 Â 10 À4 , " 12 = 11]. Thus our metrics predict outcome even after taking into account the effect of gestational age, and the combined model yields a better predictor than either alone. Hence, formally, this relationship between S and MDI is moderated by gestational age. We represent these relationships using a simple path analysis diagram (Fig. 4) . Figure 1 Schematic of cortical burst analysis procedure for preterm EEG recordings. Data were first filtered and the bursts extracted using an adaptive thresholding method applied to the signal power envelope (magnitude of the Hilbert transform). The bursts' scaling properties and average shapes were then quantified, providing summary metrics of the bursting behaviour that can be regressed against clinical information.
The relationships between burst metrics and clinical outcome measures at each post-natal time period are summarized in Fig. 5 . Over a 72-h period, burst metrics significantly co-vary with the composite outcome measure D1 (Fig. 5A-C) at some, but not at all post-natal ages. Dichotomizing MDI into suboptimal and optimal MDI (D2) yields strong correlations at 12 h for S (P 5 0.009) and K (P 5 0.03) values (Fig. 5D-F) . To demonstrate the potential for burst metrics in diagnostic classification, we next assessed the sensitivity and specificity across a range of thresholds. These results were quantified using receiver operating characteristic (ROC) curves (Fig. 5G-I ). We observe very high accuracy (AUC = 0.82) for kurtosis K as a predictor for the composite outcome (D1) and for the slope S at 12 h as a predictor (AUC = 0.91) for later optimal/suboptimal MDI outcome (D2). Values of slope S carry very high sensitivity for later MDI outcome (up to 100%), achieved with a specificity of close to 80%. At 72 h, asymmetry AE of bursts also predicts later optimal/suboptimal MDI outcome (D2) with a high accuracy (AUC = 0.75).
Our analyses were conducted on lengthy epochs of relatively artefact-free clinical EEG (mean duration 116 min). In clinical practice, availability of such data is often restricted to briefer epochs. To test the sensitivity of our approach in such settings, we repeated our analyses restricted to the first 50% of each neonate's data (average of 58 min) as well as 25% (average of 30 min). The primary outcome measures remained significant on these shorter epochs. In particular for epochs of 50% their original duration, slope S predicted MDI (P 5 0.043) at 12 h, whereas skew AE and kurtosis K at 72 h predicted MDI (P 5 0.0024 and P 5 0.019, respectively) and PDI (P 5 0.0098 and P 5 0.0034, respectively). Most of these outcome predictors dropped below significance for data of duration 530 min. Predictors of the continuous outcome measures MDI and PDI were more robust to data downsampling than the predictors of the composite outcome measure D1. We also benchmarked our findings against more conventional measures of preterm EEG (Hayakawa et al., 2001) , namely, the burst count and the interburst intervals. As per Table 1 , we analysed an average of 2376 bursts per epoch, with no significant differences across the four post-natal ages (12 to 72 h, F = 2.2, P 4 0.096). Similarly, interburst intervals were also statistically non-significant across postnatal ages (F = 1.8, P 4 0.16). No statistically significant differences in interburst intervals and burst counts were found in infants with respect to the severity of outcomes and long-term injury (MDI, PDI and composite outcomes) at any of the four post-natal ages (12 to 72 h, P 4 0.24 in all cases). 
Discussion
We here establish that intermittent, spontaneous cortical bursts in the preterm brain exhibit classical scale-free properties, evidenced by a broad scaling regime of burst area in log-log coordinates. Moreover, these bursting dynamics appear to reflect important early neurodevelopmental processes as their characteristic statistics correlate with longterm neurodevelopmental outcome. The relationship between these burst metrics and outcome is moderated by gestational age. Our analysis hence identifies specific predictive properties of scale-free bursts in the preterm and their relationship to long-term neurodevelopment. We also highlight the crucial temporal transitions in these scaling statistics that occur already between 12 and 72 h after birth. Scale-free processes arising from cortical activity in the preterm may provide further understanding of early brain activity at the developmental phase when the fundamental thalamo-cortical and cortico-cortical pathways are still growing.
Neurobiological underpinnings of early scale-free behaviour
The presence of scale-free activity provides insight into system disturbances, potentially arising due to interplay between excitation and inhibition in cortical pathways and, more broadly, complex dynamics within neuronal networks, particularly in the face of scarce metabolic resources (Roberts et al., 2014a) . Early developing neuronal circuits have been studied in detail at the cellular level (Blankenship and Feller, 2009; Hanganu-Opatz, 2010; Kilb et al., 2011) but little is quantitatively known about systems level brain dynamics in neonatal brains. It has been established in in vivo tissue slices that a shift in endogenous balance results in spontaneous cortical bursts exhibiting 'neuronal avalanches', occurring when a system is bordering on the cusp between stability and instability (Beggs and Plenz, 2003) . This avalanche-type behaviour has been studied in a variety of neuronal recordings (Friedman et al., 2012; Meisel et al., 2012) highlighting that cortical activity may be generated via self-organized networks within the human cortex. Theoretical work also suggests that criticality may arise from balanced dynamics within individual neurons (Gollo et al., 2013) . In physical systems, self-organization further elucidates the unpredictable nature of a system at a critical state, resulting in fluctuations spanning a broad range of sizes (Sethna et al., 2001) .
Recent neuroanatomical work has shown that major thalamo-cortical and cortico-cortical pathways are in the early stages of development during the first weeks of early preterm life (Kostović and Judaš, 2010) . Hence, the observed scale-free behaviour of cortical activity arises in a brain network that is immaturely wired (early gestational age neonates) or where wiring is still undergoing intensive organization (later gestational age neonates). Indeed, our findings showed that cortical bursting dynamics are different in infants before growth of the first thalamo-cortical pathways (gestational age 524 weeks) versus those after (gestational age 424 weeks) (cf. Kostović and Judaš, 2010) . Research using animal models shows that at early phases of cortical pathway development, these sparse connections give rise to intermittent spontaneous activity transients-a characteristic feature of immature brain activity (Ben-Ari, 2001; Khazipov and Luhmann, 2006; Vanhatalo and Kaila, 2006; Blankenship and Feller, 2009; HanganuOpatz, 2010; Kilb et al., 2011; Colonnese and Khazipov, 2012) . These events are thought to be the key functional driver of neuronal development where the deprivation of neurons leads to apoptotic cell death in experimental models (Kilb et al., 2011; Nimmervoll et al., 2013) , while the overall level of bursting activity relates to prospective structural growth in the human preterm babies (Benders et al., 2014) . Moreover, disruption of these events leads to disorganized thalamo-cortical connectivity and neuronal death (Catalano and Shatz, 1998; Tolner et al., 2012) . In this study, we demonstrate that features of cortical bursts in the early preterm do reflect immature cortical pathways that readily relate to neurodevelopmental consequences as indicated by our findings.
The recent observation of scale-free processes in hypoxic term infants with burst suppression (Roberts et al., 2014a) opens novel insights into critical states of cortical activity under the constraints of metabolic depletion. Using similar methods and more stringent statistical tests (i.e. Bayesian model selection), the present study establishes that scale invariant distributions exist in preterm EEG data-a characteristic feature recently identified as a key, but challenging objective (Fransson et al., 2013) . Our results thus provide insight into a neurodevelopment window in the early preterm, where classical scale-free processes characterize potential system disturbances in cortical pathways hours after birth.
Transitions in burst dynamics at early gestational ages
Previous analyses of preterm EEG have established the developmental trajectory of burst properties, with an increase in their duration and decrease in their amplitudes with gestational age (Vanhatalo et al., 2005; Tolonen et al., 2007; André et al., 2010) . The intraburst activities are also known to change with development (Tolonen et al., 2007; André et al., 2010) , as well as after medication (Malk et al., 2014) or brain lesions (Okumura et al., 2002) . These prior findings suggest that the burst shape analysis advanced in the present report may find diagnostic use in preterm babies, akin to recent evidence from full-term babies (Iyer et al., 2014; Roberts et al., 2014a) . In our study of preterm neonates, bursting statistics change substantially over the 72-h period after birth, either in response to treatment in the NICU, spontaneous metabolic recovery, or conversely due to progression of underlying neuronal disturbances. Further clarifying how these burst metrics reveal critical periods that predict outcome is to be the focus of future work.
In the absence of solid ground-truth, the issue of pathophysiological versus physiological preterm EEG remains difficult and vexed (cf. Kidokoro et al., 2009) . Based upon our sensitivity analysis, the EEG in preterm neonates that are most likely to have a favourable outcome is characterized by bursts that are typically symmetric and relatively flat at long time scales (Fig. 5B and C) . Conversely, bursts in neonates with long term disability are skewed and highly kurtotic shortly after birth. Assuming that long term outcome correlates with the presence of post-natal pathophysiological EEG, these values provide promising benchmarks for future research that correlates features of surface EEG with invasive measures of existing underlying pathophysiology.
Early prediction of long-term neurodevelopment
Early prediction of long-term neurodevelopmental outcome remains a major bedside challenge as extremely preterm infants that survive into early childhood have a high likelihood of developing mental disability or poor psychomotor performance at 2 years of age (Wood et al., 2000) . The availability of outcome prediction within the first few days of life would allow early identification and provide the basis for improved guidance of intensive care interventions.
We observed significant relationships between statistical metrics of single channel EEG and later neurodevelopmental outcomes. Our results show that low slope values, moderated by the effect of gestational age, correlate with poor scores on the MDI (585 on Bayley scales) or early death. We also show that higher burst sharpness (kurtosis), moderated by gestational age, is indicative of poorer MDI. Importantly, our study quantifies the moderating role of gestational age on outcome. Thus, moderation was used to formally establish the effect of gestational age on our burst measures S and K. In the context of predicting likely neurocognitive outcome hours after preterm birth, this characterization of preterm EEG bursts is highly significant. Further we posit that these measures provide insight to the notion that system level disturbances (i.e. metabolic imbalance and poor synaptic connectivity) are acute reflections of the underlying neuronal circuitry in an immature cortex. It is also compatible with the interpretation that prenatal disturbances, such as placental infections or brain haemorrhages, predispose the child to adverse outcomes (Brown et al., 2013; Shapiro-Mendoza, 2014) , and that our present EEG metrics capture the immediate consequences of these system-level disturbances coupled with the gestational age of the infant. In the absence of acute complications, the preterm infant is considered to be metabolically stable by the third day of life (Klein, 2002) . Formal ROC curves, used to quantify sensitivity and specificity of later outcome prediction yielded promising results at both 12 and 72 h after birth (Fig. 5G-I ). The finding of outcome prediction by 12 h may be particularly important because of its potential implications for clinical management directly after birth. Prediction during the first day of life may be crucial in terms of active and specific neuroprotective strategies. We find that at 72 h, skew and kurtosis values are predictive of mental and psychomotor outcome. This may indicate that temporal changes in bursting behaviour reflect the impact of metabolic disturbances on neuronal integrity and recovery. In contrast, traditional measures (of burst count and interburst interval) did not co-vary with postnatal age or predict later outcome.
Most prior studies have focused on measuring overall amplitudes at a limited bandwidth (aEEG). As reviewed above, this approach requires trained reviewers and is vulnerable to artefacts. Despite these limitations, a relationship to later outcomes has been established (Olischar et al., 2004; Hellströ m-Westas and Rosén, 2005; Sisman et al., 2005; Wikströ m et al., 2012) . These findings are compatible with the idea that the total amount of brain activity is important for early brain health (see also Benders et al., 2014) .
Methodological considerations and future directions
A particular technical advantage in our methods is that they are based on analysing extracted events (bursts). Hence they do not require fully continuous streams of EEG signal. This allows rejection of signal epochs with clear artefacts without loss of analytical reliability, which commonly challenges paradigms relying on continuous temporal behaviour, such as vigilance state cyclicity (Stevenson et al., 2014) or broad spectrum power spectra (Fransson et al., 2013) . The requirements of the algorithm are also computationally modest, depending only upon a simple algorithm for threshold detection, followed by resampling, averaging, and shape characterization. It would hence be quite feasible to implement the burst characterization online, giving a moving window predictor of outcome, which could then be integrated with other clinical variables to inform acute management. While practical from a computational perspective, such an endeavour naturally rests upon future, large validation studies.
We can see three directions that warrant more detailed future studies. First, in establishing the presence of scalefree bursts in single-channel recordings, we focused entirely on the temporal properties of bursts. An aspect of spontaneous activity transients in discontinuous preterm EEG is the spatial specificity of neonatal EEG signals (Odabaee et al., 2013) , which may account for some of the observed variability in burst shapes in our single channel recordings due to varying spatial relations between cortical activity and scalp electrode positions. Future studies with higher density EEG will show whether sensitivity of burst shape analyses can be improved by better spatial sampling.
Second, the efficacy of quantitative EEG measures in the NICU is dependent upon disambiguating bursts of cortical origin (e.g. duration, area, and shape of spontaneous activity transient) from artefact-type events (e.g. movement, respiration spikes, and amplifier noise). Recent studies have shown that more conventional quantification of burst occurrence (Benders et al., 2014) and the presence of vigilance state cycling (i.e. sleep wake cycling) (Stevenson et al., 2014) may inform brain health. These methods recently became available with the validation of burst detectors (Palmu et al., 2010) and the development of cyclicity measures for preterm EEG monitoring (Stevenson et al., 2014) . Future studies to this end will need to apply all methods to the same data sets to define their mutually added values in clinical applications.
Third, full band EEG recordings potentially offer substantial additional benefits over those presently analysed. In particular, the slowest signal component (infraslow) would likely allow detection of bursts of longer duration and greater area (Vanhatalo et al., 2005) , hence expanding the upper bound in the corresponding probability distributions (Vanhatalo et al., 2011) . Unfortunately, such data are not currently available from clinical data sets with long-term monitoring and outcome data, which were acquired with inbuilt hardware high-pass filters. The extension to full-band recordings remains the objective of future research using new generation amplifiers.
Finally, we presently restrict our approach to analyses of a single (bipolar) electrode recording. Additional channels were available in some, but not all, of our neonates. Such additional data could potentially enhance the sensitivity of the proposed approach in two ways: first, by pooling across all channels, more bursts would be available and hence the confidence of our shape estimates would be greater. This improvement may be tempered somewhat by the fact that, in very early preterm babies, many underlying bursts would appear in several channels contemporaneously such that additional true degrees of freedom may be limited. Second, if many additional channels were present, additional analyses based on the spatiotemporal properties of avalanche-like activity would be possible. However this would require high quality, dense EEG recordings which are not presently available in the NICU.
In summary, the analysis of bursts of electrical activity in neonatal EEG using the techniques of scale-free systems shows potential for predicting long-term outcome in preterm infants. Further, combining information from burst shapes with gestational age strongly predicts later outcome. Finally, we highlight the dynamic temporal changes in cortical bursting dynamics during the first early weeks of preterm development, as well as over the first days of postnatal life.
